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Isolation of Actin-Encoding cDNAs from Symbiotic Corals
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Abstract

A cDNA (named LGfact) encoding actin was identified in planular larvae of the scleractinian coral
Galaxea fascicularis, using the reverse transcription-polymerase chain reaction (RT-PCR) and rapid am-
plification of cDNA ends (RACE) techniques. RNA from the adult coral that was inhabited by symbiotic
dinophytes was subjected to a similar RT-PCR, and a cDNA fragment, named AGfact-p, was found to
encode an actin form distinct from LGfact. In an expression study, LGfact transcripts were present at
similar levels in asymbiotic larvae and symbiotic adults, indicating that LGfact was expressed by the host.
On the other hand, the expression of AGfact-p was detected in adults but not in larvae. Partial cDNA
sequences of orthologues of LGfact and AGfact-p were detected in another scleractinian coral, Favites
chinensis. A sequence identical to a part of AFcact-p (an AGfact-p orthologue) was amplified from the
genomic DNA extracted from asymbiotic larvae of F. chinensis, strongly suggesting that AFcact-p was a
coral actin cDNA. Thus, we presume that AGfact-p encodes an adult-specific form of actin in the host. A
partial actin-encoding cDNA sequence (named Syact-p) obtained from Symbiodinium sp. did not exhibit
high levels of similarity to the coral actin sequences.
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The majority of hermatypic corals, or reef-building
corals, belong to order Scleractinia (Cnidaria, Anthozoa,
Hexacorallia).1 Most of the hermatypic corals in this or-
der harbor the endosymbiotic dinophytes, Symbiodinium
spp. (Dinophyta, Dinophyceae, Gymnodiniales), which
are also called zooxanthellae.2 The symbiotic relation-
ship is crucial to the coral life, as extended loss of zoox-
anthellae (known as bleaching) due to various types of
stress leads to fatality of the host. The symbionts gener-
ate nutrients through photosynthesis and transfer them
to the coral tissue. Photosynthesis by zooxanthellae also
enhances the rate of calcification in the exoskeleton and
thereby promotes skeletal growth in corals, although the
mechanism is unknown.3

In spite of the importance of the hermatypic corals in
sustaining coral reef ecosystems, their development and
reproduction have rarely been studied at the molecular
level. This is in part due to difficulties in: (1) separating
coral nucleic acids from symbiont nucleic acids when ex-
tracting DNA or RNA from the symbiotic adult coral, (2)
isolating nucleic acids, especially RNA, from tissues that
are tightly associated with the calcified exoskeleton, and
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(3) performing in situ hybridization on the adult coral
due to the hard exoskeleton.

Our research group is interested in identifying genes
that are involved in the formation of the calcified ex-
oskeleton in hermatypic corals, and have already identi-
fied a cDNA encoding a major soluble protein in the or-
ganic matrix of the exoskeleton in Galaxea fascicularis4

(Oculinidae). In searching for physical and chemical fac-
tors that influence the expression of the gene, its expres-
sion level will need to be compared to that of a “stan-
dard” gene which is expressed more or less constitutively
and ubiquitously. Standard genes that are commonly
used in expression studies include genes coding for elon-
gation factor 1-α,5 GAPDH6 and ribosomal proteins.7

Certain actin genes (vertebrate β-actin genes and inver-
tebrate cytoplasmic actin genes) are also widely used as
standards.8–10

Nuclear genes that could serve as standard genes
have not been identified in scleractinian corals, although
cnidarian actin genes have been isolated in two hydro-
zoans, Hydra attenuata11 and Podocoryne carnea.12 In
this article, we report isolation of a cDNA encoding actin
from G. fascicularis. The amino acid sequence of the
actin, which was derived from asymbiotic planular larvae,
is highly similar to the sequence of cytoplasmic actins in
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metazoan animals. Another cDNA encoding a different
form of actin was identified in the adult coral inhabited
by zooxanthellae, and this isoform is likely to be an adult-
specific form of coral actin.

To isolate a cDNA encoding actin in G. fascicularis,
we first searched for segments of amino acid sequences
that are highly conserved among cytoplasmic actins in
various metazoan animal species. The amino acid se-
quences of cytoplasmic actins from diverse invertebrate
and vertebrate species were aligned (data not shown) and
three regions with high levels of sequence conservation
and low levels of codon degeneracy were selected. Three
degenerate oligonucleotide primers, ACT-F, ACT-R, and
ACT-RT, were thereby designed (Fig. 1A). RT (reverse
transcription)-PCR was performed using total RNA from
asymbiotic planular larvae as the template. ACT-RT was
used as the primer in RT, and ACT-F and -R were used
in the PCR. A PCR product of about 1 kb was amplified
(data not shown); the size of the product was close to
the expected size of 941 bp (assuming no insertions or
deletions).

Next, the PCR product was cloned and sequenced.
Conceptual translation of the cDNA sequence resulted in
identification of a coding sequence for 300 amino acids,
excluding sequences derived from the primers (Fig. 1B;
the cDNA sequence is incorporated in Fig. 2). The trans-
lated sequence was compared to protein sequences in
databases using the BLAST program,13 and was found to
be highly similar to cytoplasmic actin proteins in diverse
invertebrate and vertebrate species with identity levels
as high as 96–97% in many cases (data not shown). This
observation strongly suggests that the cDNA, named
LGfact-p (larval G. fascicularis actin-partial), is a part
of an actin-encoding cDNA expressed in coral cells.

We then carried out 5′ and 3′ rapid amplification of
cDNA ends (RACE) to isolate cDNA sequences that
were 5′ and 3′ to the above LGfact-p sequence and to
determine the entire coding sequence for the protein.
The sequences of the RACE products were merged to
the LGfact-p sequence to generate a cDNA sequence of
1439 bp (excluding the poly(A) tail) which contains an
open reading frame (ORF) of 376 amino acids (Fig. 2).
The conceptually translated sequence was named LGfact.
In the region of the 5′RACE product that overlapped the
original PCR product (A239-A374, 136 nucleotides), one
silent nucleotide substitution was found that did not re-
sult in amino acid substitution (data not shown). In the
region where the 3′RACE product overlapped the origi-
nal PCR product (A1030-T1139, 110 nucleotides), three
nucleotide substitutions were found and one of them
resulted in an amino acid substitution (from Q to R
at position 315). We presume that these differences
were derived from genetic polymorphism among the wild
coral population. The typical polyadenylation signal was
found 18 bases upstream from the poly(A) tail (Fig. 2).

Adult scleractinian corals, but not planular larvae,

possess primitive muscle tissues,14 raising the possibility
that a muscle-specific actin isoform, that is distinct from
LGfact, may be expressed in the adult. Furthermore,
in the symbiotic adult coral zooxanthellae express their
own actin(s). Therefore, in examining the expression of
LGfact in the adult coral using RT-PCR, primers must
be derived from segments of LGfact that are divergent
from other actin forms expressed in the adult coral.

To find such segments of LGfact, we subjected RNA
prepared from the adult coral to RT-PCR using ACT-F
and ACT-R as the primers, and identified a new actin
form. A PCR product of about 1 kb was cloned and se-
quenced as above, and compared to the LGfact sequence.
This product named AGfact-p (adult G. fascicularis
actin-partial) was found to encode a new actin form (see
Fig. 1B for the translated sequence). The level of simi-
larity between LGfact-p and AGfact-p was only 85% at
the amino acid level (Table 1). In a homology search
of protein sequence databases, actin in the dinophyte
Crypthecodinium cohnii (Dinophyceae, Gonyaulacales;
DDBJ/EMBL/GenBank accession no. AF421536) exhib-
ited the highest similarity to AGfact-p with 96.3% iden-
tity at the amino acid level (Table 1). The highest simi-
larity between AGfact-p and a metazoan actin (β-actin in
Takifugu rubripes, DDBJ/EMBL/GenBank accession no.
U38849) was considerably lower (87%). Although this
observation may suggest the possibility that AGfact-p
was derived from the symbiont, analysis of the coral ge-
nomic DNA argues that AGfact-p is a coral actin (see
below).

No actin sequence from genus Symbiodinium had been
reported in the database. Thus, in order to address the
possibility that AGfact-p is derived from Symbiodinium,
a cDNA fragment encoding actin was isolated in a con-
genial Symbiodinium sp. (strain HG39) by using the
same RT-PCR procedure as above. The translated se-
quence (named Syact-p) was compared to the AGfact-p
sequence (Fig. 1B). The sequence similarity between the
two was low (83.7%) over the sequence of 300 amino acids
(Table 1). This observation, therefore, did not support
the possibility that AGfact-p was derived from a zoox-
anthella. The level of similarity to LGfact was also low
(78.7%).

Next, the cDNA sequences of LGfact, AGfact-p
and Syact-p were aligned to select regions in which
the sequences were divergent and design LGfact- and
AGfact-specific primers (Fig. 1B). Using these primer
sets, RT-PCR was carried out using cDNA prepared from
larval and adult samples as templates. As shown in
Fig. 3, a PCR product of about 600 bp (the expected
size was 627 bp) was detected using the LGfact-specific
primer set (LGf-F and LGf-R, see Fig. 1B) both in plan-
ulae and adults. To confirm that the PCR product was in
fact LGfact, the product amplified from the adult cDNA
was cloned, and three individual clones were sequenced.
All of the three had the same sequence, which had nu-
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Figure 1. RT-PCR for isolation of actin-encoding cDNAs. (A) Degenerate oligonucleotide primers used in the RT-PCR. Amino acids
corresponding to the codons are indicated in the one-letter representation below the nucleotide sequences. (B) Alignment of sequences
of a hydrozoan actin (Hydra attenuata, DDBJ/EMBL/GenBank accession no. M32364), LGfact-p (AB086826), LFcact-p (AB94432),
AGfact-p (AB086827), AFcact-p (AB94431) and Syact-p (AB086828). Dots indicate identity with the hydrozoan sequence. The
boxed regions represent sequences corresponding to the following primers that were used in the RT-PCR for studying expression
of LGfact and AGfact-p (Fig. 3): LGf-F (5′-AAGCTCAAAGCAAACGTGGTA-3′), LGf-R (5′-AGGCTGGCTGGAACATGGC-3′),
AGf-F (5′-CCGAACCACCGGAATTGTGA-3′), and AGf-R (5′-CTGTCGAAGTCCAAGGCGAT-3′). LGf-F and AGf-F are sense
primers, and LGf-R and AGf-R are antisense primers. Colonies of the adult G. fascicularis were collected around Sesoko and Aka
Islands, Okinawa, Japan, preserved in RNAlaterTM (Ambion), and kept at −80◦C until use. Colonies of the adult F. chinensis were
collected around Sesoko Island. To collect planular larvae, gametes released from female and male colonies were mixed for fertilization.
Swimming larvae were collected and kept in RNAlaterTM at −80◦C until use. Total RNA was isolated from adult polyps using Isogen
(WAKO) according to instructions from the manufacturer with the following modification: instead of homogenizing the tissue, the
tissue was ground in a mortar and pestle and vigorously stirred in Isogen for 10 min. Total RNA was isolated from planular larvae
and using Isogen according to instructions from the manufacturer. Symbiodinium sp. (strain HG39) was isolated from a sand sample
collected at Hizushi Beach, Aka Island, Okinawa, Japan on 1st June 1999. Free swimming cells were isolated by micropipetting and
subsequently a clonal culture was established. The clonal culture was maintained in IMK medium (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) at 20◦C under an illumination of at about 50 µmol photon m−2 s−1 with a 16 : 8 h light-dark cycle. Although
this dinophyte was obtained as a free-living form, a sequence analysis of the internal transcribed spacer 2 (ITS 2, 160 bp) of ribosomal
RNA gene revealed that this dinoflagellate is very closely related to a symbiont of foraminifer, Amphisorus hemprichii (AF184949:
100% homology). The ACT-RT primer was annealed to the total RNA and cDNA was synthesized using M-MLV reverse transcriptase
(TOYOBO). ACT-F and ACT-R were used to amplify the cDNA in the following PCR: 30 sec (5.5 min only in the first cycle) at
94◦C, 30 sec at 55◦C and 90 sec at 72◦C for 40 cycles. The PCR products were subcloned into the pGEM-T Easy vector (Promega).
Sequencing reactions were performed using a Thermo Sequenase Cycle Sequencing kit (USB) and the universal forward and reverse
primers that were FITC-labeled, and the products were electrophoresed and analyzed using a DSQ-2000L automatic DNA sequencer
(Shimadzu).
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Figure 2. Nucleotide sequence of the LGfact cDNA. The following three sequences were merged to generate the cDNA sequences:
A1-A238 (derived from the 5′RACE), A239-T1139 (derived from the original PCR), and A1140-G1439 (derived from the 3′RACE).
Conceptual translation of an ORF (A87-T1214) is shown below the nucleotide sequences in the one-letter representation of amino acids
(asterisk indicates a stop codon). The potential polyadenylation signal (AATAAA) is underlined. Arrows indicate three degenerate
primers used for RT-PCR (ACT-F, ACT-R, and ACT-RT) and primers used for 5′RACE (5′RC) and 3′RACE (3′RC). The accession
no. of this cDNA sequence in DDBJ/EMBL/GenBank is AB086826. 5′RACE was carried out using a SMARTTM RACE cDNA
amplification kit (CLONTECH) and the antisense primer 5′RC, according to instructions from the manufacturer. In 3′RACE, the
T17ADP primer (5′-GAGTCGACTCGAGAATTCT17-3′) was annealed to the total RNA, and cDNA was synthesized using M-MLV
reverse transcriptase. The 3′RC and ADP (5′-GAGTCGACTCGAGAATTC-3′) primers were used to amplify the cDNA in the
following PCR: 30 sec (5.5 min only in the first cycle) at 94◦C, 30 sec at 54◦C, and 90 sec at 72◦C for 40 cycles.

cleotide substitution at ten positions as compared to the
LGfact sequence (data not shown). However, all of these
substitutions occurred at the third position of the codons,
and did not result in substitution of any amino acids.
Therefore, the substitutions are likely to be due to am-
plification of an allele of LGfact that was present in the
wild coral population. This observation indicates that
the primer set is specific to LGfact.

By contrast, using an AGfact-specific primer set
(AGf-F and AGf-R, Fig. 1B), a PCR product of about

240 bp (the expected size was 237 bp) could be detected
only in the adult sample (Fig. 3). Another adult-specific
primer set also failed to detect AGfact-p transcripts in
larvae (data not shown).

The observation that LGfact transcripts were detected
at similar levels in larvae and adults indicates that
LGfact is a coral actin. On the other hand, it re-
mained unknown whether AGfact-p is an adult-specific
coral actin or derived from a symbiont. To address this
question, we attempted to extract the genomic DNA from
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Table 1. Levels of similarity (percentage of amino acid identity) among actin sequences.

Partial amino acid sequences (Asp52-Ser351 in the LGfact (or LGfact-p) and homol-
ogous segments in the other four sequences) were aligned using Clustal W.

Larva

M4321 8765

LGfact

Adult

AGfact-p

M4321 8765

LGfact

Figure 3. Expression of LGfact and AGfact-p in larvae and adult polyps. Total RNA samples prepared from larvae and adult polyps
were subjected to RT-PCR to detect LGfact and AGfact-p. LGfact transcripts were detected in both larvae and adult polyps (lane 2),
whereas the expression of AGfact was observed only in the adult (lane 6, lower panel). Lanes 1 and 5: negative control experiments
in which the PCR reactions were performed without the sense primer; lanes 3 and 7: negative control experiments in which the PCR
reactions were performed without the antisense primer; lanes 4 and 8: negative control experiments in which reverse transcription
was omitted; lane M: molecular weight markers (φX174/HincII digest, TOYOBO). An oligo-dT primer (T12) was annealed to the
total RNA and cDNA was synthesized using M-MLV reverse transcriptase. To detect the expression of LGfact, primers LGf-F and
LGf-R were used as the sense and antisense primers, respectively, and for AGfact-p, AGf-F and AGf-R were used (see Fig. 1B). The
following program was used for PCR: 30 sec (5.5 min only in the first cycle) at 95◦C, 30 sec at 62◦C and 40 sec at 72◦C for 40 cycles.
PCR products were electrophoresed in a 6% polyacrylamide gel and stained with ethidium bromide. PCR with another adult-specific
primer set (AGf-F2 (5′-GTGACAAGGAGAAGACTTACGA-3′) and AGf-R2 (5′-GTGGACGGTGCCAAAGCAGT-3′)) was also
performed, and AGfact-p expression was detected only in the adult sample (not shown).

asymbiotic larvae of G. fascicularis and perform a PCR
analysis using it as the template. However, our attempt
to fertilize G. fascicularis eggs was unsuccessful in the
summer of 2002, and the genomic DNA could not be

obtained. Since sufficient planular larvae could be ob-
tained in another scleractinian coral Favites chinensis
(Faviidae), we attempted to isolate an orthologue of
AGfact-p and address the question of whether the or-
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thologue is expressed from the genome of F. chinensis.
RT-PCR was carried out using the cDNA prepared

from the symbiotic adult as the template, and a
cDNA fragment named AFcact-p (adult F. chinensis
actin-partial) was obtained. AFcact-p, the translated
sequence, exhibited 99.7% identity to AGfact-p at the
amino acid level (Fig. 1B). Another actin-coding cDNA
named LFcact-p (larval F. chinensis actin-partial) was
also obtained using the larval cDNA as the template.
LGfact-p and LFcact-p were 98.3% identical at the amino
acid level (Fig. 1B). Based on the high levels of sequence
similarity, we conclude that AFcact-p and LFcact-p are
orthologues of AGfact-p and LGfact-p, respectively.

With primers designed to amplify AFcact-p, a PCR
product of 461 bp was amplified from the genomic DNA
extracted from larvae of F. chinensis, and its nucleotide
sequence was identical to a part of AFcact-p (data not
shown). This result argues that AFcact-p is an actin
expressed in the coral cells. Thus, AGfact-p is also likely
to be an adult-specific form of actin in G. fascicularis.

In this study, we report isolation of actin-encoding cD-
NAs from scleractinian corals for the first time. We con-
clude that LGfact is a coral actin, since its transcripts
were detected in asymbiotic larvae as well as in sym-
biotic adults. We presume that LGfact is a coral cy-
toplasmic actin, as it exhibited high levels of sequence
similarity to cytoplasmic actins in diverse metazoan an-
imals. AGfact-p is likely to be another coral actin, but
its expression was not detected in planular larvae. Thus,
LGfact should be more useful than AGfact-p as a stan-
dard gene in expression studies.

The presence of multiple actin isoforms has been re-
ported in many eukaryotes,12,15,16 and actin isoforms
that are distinct from cytoplasmic actins are known to
be expressed in muscle cells of metazoan animals.17–19

Based on a sequence similarity analysis, it is not likely
that AGfact-p is a muscle actin. AGfact-p exhibited
higher sequence similarities to some algal and fungal
actins than to actins in metazoans, and it was more simi-
lar to metazoan cytoplasmic actins than to muscle actins.
Thus, the role of Agfact-p in the adult coral, as well as
the cells/tissues expressing it, remains unknown.

The level of similarity between Syact-p in
Symbiodinium sp. and the C. cohnii actin was low, al-
though the two species belong to the same phylum. This
observation may suggest the possibility that dinophytes
possess more than one actin gene, and that Syact-p is par-
alogous to the actin gene in C. cohnii. Whereas the pres-
ence of multiple genes has not been confirmed in dino-
phytes, four putative actin genes have been found in an
EST analysis of the red alga Porphyra yezoensis.20,21
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